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plume all interact with the dusk ﬂank magnetopause. During periods of strong magnetospheric convection,
these ions may contribute signiﬁcantly to the magnetospheric mass density at the magnetopause.
Observations from the Magnetospheric Multiscale mission Hot Plasma Composition Analyzer at the duskside
magnetopause near reconnection X lines show that ions from the ring current and warm plasma cloak may
have high mass densities. However, these mass densities are not as large as the mass density in the
magnetosheath. The results suggest that except for possible inﬂuence from the plasmaspheric drainage
plume, the other major magnetospheric ion populations do not greatly inﬂuence asymmetric reconnection
at the duskside magnetopause.

1. Introduction
Magnetic reconnection is ubiquitous at the Earth’s magnetopause for all interplanetary magnetic ﬁeld (IMF)
orientations (see, e.g., recent reviews by Fuselier and Lewis [2011] and Cassak and Fuselier [2015]).
Reconnection across the magnetopause is highly asymmetric because the plasma mass density in the
magnetosphere is typically much lower than the mass density in the magnetosheath [e.g., Fuselier et al.,
1993], and the magnetic ﬁeld strength is higher in the magnetosphere. This asymmetry has important
implications on the structure and rate of reconnection at the magnetopause [Cassak and Shay, 2007].
Although the magnetospheric mass density is typically low, there are times and locations at the magnetopause
when this density may rival the magnetosheath mass density. At least three broadly deﬁned ion populations
may contribute signiﬁcantly to the magnetospheric mass density; the magnetospheric ring current, the “warm
plasma cloak”, and the plasmaspheric drainage plume. These populations are observed at times at the dusk
ﬂank magnetopause (see Figure 1) and are usually distinguishable by their energies and composition.
The ring current is a medium-energy (~3–100 keV) population consisting of H+, He2+, O+, and He+. Ion concentrations vary with magnetospheric activity. During relatively quiet times, H+ dominates with lower concentrations
of the other ions. During active times, when magnetospheric convection is enhanced, O+ can dominate. The
lower energy ring current ions (~3–30 keV) gradient drift to the duskside magnetopause as depicted schematically in Figure 1.
The warm plasma cloak [e.g., Chappell et al., 2008] is a lower energy (~10 eV to 3 keV) ionospheric outﬂow population that propagates from high latitudes into the magnetotail. The composition reﬂects that of ionospheric
outﬂow: H+, O+ and, to a lesser extent, He+ [Yau et al., 1984; Collin et al., 1988]. Similar to the ring current, H+ is
often dominant, but O+ can dominate ionospheric outﬂow during active times. The warm plasma cloak convects
sunward either directly to the dawnside magnetopause or around the dawnside to the duskside magnetopause
[e.g., Chappell et al., 2008] as depicted in Figure 1. The occurrence frequency is higher on the dawnside versus the
duskside, although the density dependence at the magnetopause with local time is not known.
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The plasmaspheric drainage plume is a low energy (typically <1 eV) ionospheric population that is an extension
of the plasmasphere on the duskside magnetosphere, as depicted in Figure 1. Its composition reﬂects that of
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the plasmasphere: H+, He+, and, to a
lesser extent, O+. The plume and the
duskside outer plasmasphere may have
higher temperature (tens of eV) [e.g.,
Olsen et al., 1987; Labelle et al., 1988].
These magnetospheric ion populations
may have high mass densities. For
example, plasmaspheric material has
been observed adjacent to the magnetopause with densities >10 cm3 [Su
et al., 2000; McFadden et al., 2008;
Walsh et al., 2014a, 2014b]. H+, He+,
and O+ were identiﬁed in the magnetopause boundary layers because these
ion populations were cold and streaming with the E × B velocity in the layer
[e.g., Gosling et al., 1990]. The high
density and heavy ion content of these
populations led to the suggestion
that magnetospheric ions may modify
(reduce) the reconnection rate at the
magnetopause [e.g., Borovsky and
Denton, 2006; Borovsky et al., 2013].
Connecting magnetospheric ion populations with modiﬁcation of reconnection
at the magnetopause is not straightforward. There are at least two complications to this connection. The ﬁrst
Figure 1. Schematic representation of magnetospheric plasma at the duskcomplication is that mass spectrometry
side magnetopause. Three populations, the ring current, warm plasma cloak,
measurements are required to deterand plasmspheric drainage plume, all convect to the duskside magnetopause. The grey dots show the location of eight MMS magnetopause
mine the mass densities from the three
crossing events. Ion composition measurements from these events are used magnetospheric ion populations. Ion
to determine the effect of magnetospheric ions on magnetopause
species in the plasmaspheric plume are
reconnection.
sometimes identiﬁable in the boundary
layers using instrumentation that has energy analysis only. However, the plasmaspheric plume does not always
remain cold [e.g., Labelle et al., 1988], necessitating mass spectrometry measurements. Furthermore, the other
two populations have higher temperature and require instrumentation that resolves mass. Only a few space
missions have had mass spectrometers capable of measuring all magnetospheric ion populations near the
magnetopause and measurements from these missions are limited [see, e.g., Fuselier et al., 1993; Fuselier, 1995;
Wang et al., 2015].
The second complication is that in situ measurements must be obtained near the magnetopause reconnection X line. There is ample evidence that magnetospheric ions ﬂow through the open magnetopause into the
magnetosheath [e.g., Sonnerrup et al., 1981; Fuselier et al., 1991; Su et al., 2000]. However, simply crossing the
open magnetopause does not necessarily indicate that these magnetospheric ions were near the reconnection X line and therefore may have inﬂuenced the reconnection process.
The purpose of this paper is to present new, mass-resolved, observations of magnetospheric and magnetosheath mass density at the dusk ﬂank magnetopause from the Hot Plasma Composition Analyzer (HPCA)
on the Magnetospheric Multiscale (MMS) Mission [Young et al., 2014; Burch et al., 2015]. One event near
the reconnection X line is discussed in detail in the next section. This discussion is followed by analysis of
several other events, also near reconnection X lines. These results show that the magnetospheric mass
density at the dusk ﬂank magnetopause rarely rivals that of the magnetosheath mass density and that even
in extreme instances, the effect of two of the magnetospheric ion populations on the reconnection rate is
relatively small.
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2. Observations on 11 September 2015
During phase 1a of the MMS mission, the spacecraft orbit precesses in local time across the dayside magnetopause from the dusk to the dawn terminator [Fuselier et al., 2014]. The spacecraft apogee is 12 Earth radii (RE),
and the nominal position of the magnetopause at the terminator is ~15 RE. Thus, the four MMS spacecraft cross
the dusk ﬂank magnetopause typically when the magnetosphere is compressed. Compression occurs because
the solar wind dynamic pressure is high and/or the interplanetary magnetic ﬁeld (IMF) has a signiﬁcant
southward component. Such was the case on 11 September 2015 from 0753 to 0757 UT. The solar wind density
measured by the Wind spacecraft was ~12 cm3, and the velocity was ~480 km/s, resulting in a dynamic
pressure of about 7 nPa, which is well above the nominal dynamic pressure of about 1.5 nPa. The IMF was
strongly southward (BZ ~ 18 nT). This combination of high dynamic pressure and strong southward IMF also
resulted in strong magnetospheric convection. The 3 h Kp index was 7 for the time interval near 0800 UT.
Figure 2 shows HPCA and magnetometer observations from MMS3. Shown are (top to bottom) energy-time
spectrograms and densities of the major ion species in the magnetosheath and magnetosphere, starting with
H+, followed by He2+, He+, and O+. Figure 2 (bottom panel) shows the Z (GSM) component of the magnetic ﬁeld.
There are one partial and four complete magnetopause crossings in the 4 min of data shown in Figure 2. The
spacecraft starts and ends in the magnetosphere, crossing the magnetopause twice between 0754 and
0754:20 UT, making a partial crossing centered on 0755 UT and then crossing twice more between 0755:30
and 0756:10 UT. The magnetosheath and boundary layer/current layer BL/CL intervals adjacent to the magnetopause crossings are identiﬁable by the ~1 keV He2+ population. In all regions, there is a persistent population of multi-keV-energy H+, He2+, He+, and O+. For He2+, this population starts at about 8 keV and extends
to 40 keV, the maximum energy of HPCA. This is the magnetospheric ring current population. This population
may leak into the magnetosheath on open ﬁeld lines. The presence of this population in the magnetosheath
intervals in Figure 2 (except possibly for a very short interval near 0756 UT) indicates that the spacecraft was
never far from the magnetopause.
Throughout the magnetosphere intervals, there is a population of low energy (~few eV to 100 eV) H+ and
moderate energy He+ and O+. Although the ﬂuxes vary considerably, the population is persistent, and the
average energy is proportional to mass. For O+, this moderate-energy population blends almost smoothly with
the O+ ring current population. This population is the warm plasma cloak. He2+ is conspicuously absent at
moderate energies, indicative of the population’s ionospheric origin [see, e.g., Yau et al., 1984; Collin et al. 1988].
In the magnetosphere, there is no detectable very low energy (~few eV) He+ and therefore no evidence of a
plasmaspheric drainage plume in the HPCA energy range. However, the plasmaspheric drainage plume is difﬁcult to detect if it remains cold. Although MMS has active spacecraft potential control [Torkar et al., 2014], this
control maintains the spacecraft potential at a few volts positive, and the lowest energy step for HPCA is at
about 1.3 eV. Cold, slowly convecting plasmaspheric ions may not overcome the few volt spacecraft potential.
As a result, the two magnetospheric populations focused on here are the ring current and the warm plasma
cloak. The total plasma (number) density is determined independently from MMS plasma wave measurements
[Torbert et al., 2014]. During the magnetospheric interval from 0753 to 0754 UT in Figure 2, the number density
derived from the plasma wave measurements (not shown) was ~3 cm3. This density agrees reasonably well
(within 50%) with the total ion density measured by HPCA. This agreement and the lack of low energy He+ indicate that there was probably no substantial drainage plume plasma present at the magnetopause.
Using H+ ﬂuxes alone, it is difﬁcult to distinguish a low-latitude boundary layer (or, more simply, a boundary
layer) interval from a magnetospheric interval with a substantial warm plasma cloak population. Often, the
average energy of the warm plasma cloak H+ is lower than that in the boundary layer. However, this energy
distinction is not always possible. For example, the magnetospheric interval centered at 0756:25 UT has a
substantial H+ population with an average energy similar to that of the boundary layer population centered
at 0754:25 UT. The boundary layer and the warm plasma cloak are distinguished in HPCA by their different
composition. The warm plasma cloak has very little He2+ between ~1 eV and 8 keV, while the ~1 keV He2+
concentration in the boundary layer is substantial.
Because of the large variation in the magnetospheric ion densities, all of the magnetospheric intervals in Figure 2
are used to compute an average mass density, and the peak O+ magnetospheric density at 0755:35 UT is used to
compute an “extreme” mass density. The density variations in the magnetosheath are less. Therefore, the two
FUSELIER ET AL.
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Figure 2. Multiple crossings of the duskside magnetopause by MMS 3 when magnetospheric ions were present. (top to bottom) Energy time spectrograms of ﬂuxes
+
2+
+
+
+
2+
+
+
and densities for H , He , He , and O . (bottom panel) Bz (GSM). High-energy (>8 keV) ring current H , He , He , and O are observed throughout the interval, and
+
+
+
+
lower energy warm plasma cloak H , He , and O are observed at variable densities in the magnetospheric intervals. The interval with the highest O density, at
0755:35 UT, is used to determine an extreme magnetospheric ion mass density.
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short magnetosheath intervals in Figure 2, between the pairs of magnetopause crossings, are used to compute
an average magnetosheath mass density. The boundary layers are not used because they are a mixture of magnetospheric and magnetosheath populations, and high-energy O+ in the magnetosheath is also not used in the
magnetosheath mass density since it is of magnetospheric origin. Technically, this high-energy O+ could contribute to the magnetosheath mass density since it is picked up by the magnetosheath ﬂow and may convect into
a reconnection site. However, the effect of this population on the magnetosheath mass density is small.
In the magnetosheath, H+ dominates, but He2+ (with a ~4% average concentration) contributes ~16% to the
total, average mass density of 46 amu cm3. In the magnetosphere, the warm plasma cloak dominates the
total mass density. For H+, the ring current density is ~0.1–0.5 cm3, while the average H+ density for the
warm plasma cloak is ~7 cm3. The total O+ density in the magnetosphere varies by almost a factor of 10
from the peak at 0755:35 UT to the lowest densities at 0753 UT in Figure 2. H+ and O+ contribute approximately equally to the average mass density, but in the extreme interval at 0755:35 UT, O+ contributes
approximately 40% more mass density than H+ does. The magnetosheath mass densities and in the average
and extreme magnetospheric mass densities for this event are listed in Table 1.
Figure 3 shows the location of the MMS spacecraft for the time interval in Figure 2. Plotted are shear angles
between the model magnetosheath and magnetospheric ﬁelds projected onto the Y-Z GSM plane. High
shear regions are shown in red, the highest shear regions (where the shear is >175°) are shown in white,
and very low shear regions are in purple. The black circle is the terminator projected onto this plane. For this
interval, the IMF was almost purely southward. The maximum shear reconnection line model [Trattner et al.,
2007] predicts a duskside reconnection line that is located in the broad region of nearly antiparallel shear
angles that extends from the southern cusp region on the noon meridian, through the dayside, and along
the equator past the dusk terminator. The MMS spacecraft made multiple magnetopause crossings just south
and within a few Earth radii (RE) of this duskside reconnection line. Thus, magnetospheric ion populations
observed in Figure 2 at the magnetopause likely interacted with the reconnection X line locally near the
spacecraft and possibly at other locations along the reconnection line that runs from the noon meridian past
the dusk terminator.

3. Other Events at the Dusk Flank Magnetopause
Seven other dusk ﬂank magnetopause events are identiﬁed in Figure 1. These seven events have characteristics similar to the event showcased in Figure 2. All but one occurred when the spacecraft crossed the
compressed magnetopause under high solar wind dynamic pressure. The events occurred for a wide range
of magnetospheric convection conditions, from relatively low (Kp = 2) to high convection (Kp = 7) for the
11 September 2015 event.
All magnetopause crossings occurred relatively close to a reconnection X line. The location of this line was
determined either by using the maximum shear model [Trattner et al., 2007] or, in two events, by identifying
ﬂow jet reversals in the boundary layer. These reversals are indicative of a reconnection line passing the
spacecraft placing the spacecraft at the reconnection X line. For the other events, the accuracy of the
maximum shear model is of the order of 1–2 RE, so the spacecraft was always within a few RE of the X line
for all events. The predicted shear at the magnetopause at the X line was large for all events (for example,
see Figure 3 for the 11 September 2015 event) indicating that antiparallel reconnection was occurring
near the spacecraft for all but one event. For the event on 19 September 2015 at 0742 UT, component
reconnection was probably occurring near the spacecraft, but the shear was still rather large (>160°).

4. Estimating the Effect on Reconnection
Borovsky et al. [2013] used the Cassak and Shay [2007] and Birn et al. [2008] formulations of the antiparallel
reconnection rate to derive a correction to the rate for nonzero magnetospheric mass density (equation (1)).
1

1

R ¼ ðρS BM Þ2 =ðρM BS þ ρS BM Þ2

(1)

where R (“M” in the nomenclature from Borovsky et al. [2013]) is the fractional reduction of the local dayside
reconnection rate due to the nonzero magnetospheric ion populations. In equation (1), ρ is the mass
density and B is the reconnecting component of the magnetic ﬁeld and the subscripts M and “S” refer to
FUSELIER ET AL.
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Kp

2
5
6
2
7
5
5
2

Model or
Flow Jet
Reversal

Model
Model
Model
Flow reversal
Model
Model
Flow reversal
Model
~2
~2
~3
~0
~1
~2
~0
~2
0.98
0.96
0.93
0.99
0.82
0.93
0.95
0.95
0.04
0.04
0.10
0.02
0.29
0.1
0.05
0.09
3.1
2.5
12.5
2.6
24.7
2.5
6.7
4.9
18.3
35.8
33.2
25.9
72.7
24.6
55.5
43.3
48.7
32.5
76.7
59.9
46.1
20.4
64.1
45
1734
1313
0850
1232
0810
1546
0742
1210
2 Sep 2015
7 Sep 2015
9 Sep 2015
10 Sep 2015
11 Sep 2015
14 Sep 2015
19 Sep 2015
19 Sep 2015

Date

MP Time
(hhmm)

2.6
1.2
10.1
2.2
14.8
1.9
3.0
4

24.1
32.8
38.1
38.9
95.8
21
54.4
44.1

24
35
38.1
40.7
93.2
21
58.2
44.7

0.04
0.09
0.15
0.03
0.47
0.15
0.1
0.1

0.98
0.98
0.95
0.99
0.88
0.95
0.98
0.96

R Extreme
R avg

Distance to
X line (RE)
MC Mass
Correlation
Factor avg
Msphere
Extreme
Mass Density
3
(amu cm )

Msphere B
Total for
Extreme Mass
Density (nT)

MC Mass
Correlation
Factor
Extreme
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the magnetosphere and magnetosheath, respectively. Continuing
to follow Borovsky et al. [2013], R is rewritten as (equation (2)).
R ¼ ð1 þ MCÞ2 ;
1

(2)

where the mass correction factor, MC, (“p” in the nomenclature from
Borovsky et al. [2013]) is deﬁned as follows:
MC ≡ ρM BS =ρS BM

Msphere
avg B
Total
(nT)
Msphere
avg Mass
Density
3
(amu cm )
Msheath
B Total
(nT)
Msheath
Mass
Density

(amu cm 3)

Table 1. Mass Correction Factors and Fractional Reduction of the Local Reconnection Rate for Eight Magnetopause Events Observed by the MMS Spacecraft

Geophysical Research Letters

(3)

The effect of the magnetospheric mass density on reconnection is
diminished somewhat because the magnetospheric magnetic ﬁeld
magnitude is often larger than the magnetosheath magnetic ﬁeld.
Table 1 shows the MC and R values for the eight duskside magnetopause events, including the event in Figure 2.
The effect of enhanced magnetospheric convection on the mass
density is evident in Table 1. Two events on 9 and 11 September
2015 with the highest Kp have the highest magnetospheric mass
densities (although the second event on 19 September 2015 shows
that the Kp and magnetospheric mass density are not necessarily
correlated all the time). For the two magnetopause crossings on 9
and 11 September, the mass correction factors (MCs) are 10% and
29%, respectively. There were two very short periods in the magnetosphere where the extreme MCs were 15% (for the 9 September
event) and 47% (for the 11 September event). These are the highest
mass correction factors observed in the eight events, and they occur
for only one 10 s ion spectrum each. The magnetospheric mass
density was never greater than the magnetosheath mass density.
The two columns in Table 1 labeled “R avg” and “R extreme” quantify the reduction in the reconnection rate (equation (2)) for the
average and extreme magnetospheric ion populations, respectively. The 11 September 2015 had an average and extreme reduction of 12% and 18% respectively. For all other events, the average
reduction was <5%, and the extreme reduction was <7%.

5. Conclusions
Using eight duskside magnetopause crossings by the MMS spacecraft (Table 1), the effect of magnetospheric ions on magnetic
reconnection was determined. All eight crossings occurred near
high-shear reconnection X lines, so the magnetospheric plasma
observed near the magnetopause probably represented the
plasma that interacted with the reconnection diffusion region.
For seven of eight events, total number densities of the ring current and warm plasma cloak populations were determined, and
they were compared to number densities determined independently from plasma wave measurements from the MMS ﬁelds
experiment. The consistency between the independent number
density measurements indicates that there was little evidence of
plasmaspheric plumes in seven of the eight events. It is likely that
these plumes extend to the magnetopause in a region closer to
the noon meridian, as illustrated in Figure 1 [Walsh et al., 2013].
For most events, the ring current and warm plasma cloak magnetospheric ion populations had little effect on reconnection. Wang
et al. [2015] reached a similar conclusion using only O+ and H+
observations from Cluster. From equation (2), there was a 5–7%
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predicted reduction in the reconnection rate for seven of eight
events. The 11 September 2015
event, shown in Figure 2, had the
highest magnetospheric mass density of the eight events. For this
event, the predicted average and
extreme reductions in the reconnection rate were 12% and 18%,
respectively. One cannot draw statistical conclusions from the limited
number of events here, but these
observations, combined with those
from Wang et al. [2015], strongly
suggest that moderate- and highenergy magnetospheric ions typically have little effect on reconnecFigure 3. Modeled shear angles between the magnetosheath and magnetotion. It remains to be seen if the
spheric ﬁelds for the magnetopause crossings in Figure 2. MMS crossed near
plasmaspheric plume signiﬁcantly
a broad region where the shear angle was ~180°, indicating that the spaceaffects reconnection near local
craft were close to an antiparallel reconnection X line.
noon. Also, it remains to be seen if
there are higher warm plasma cloak
densities on the dawnside magnetopause. Higher occurrence frequencies [Chappell et al., 2008] and higher
densities would make magnetospheric ions more important at the dawnside magnetopause.
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